In virtual auditory environment, early reflections are usually simulated by the image-source method, and binaural signals are synthesized by convolving the input stimulus with corresponding head-related impulse responses (HRIRs). Considering the limited resolution of the human hearing, this work investigates the minimal length of HRIRs needed in early reflection simulation via a simple model consisting of a single direct sound and a reflection. The direct sound is synthesized using 512-point HRIR and fixed at the position directly in front of the subject, while the reflection is synthesized by HRIRs at various directions with four time-domain lengths (512, 256, 128, and 64 points, at a sampling frequency of 44.1 kHz) as well as five time delays relative to the direct sound (from 10 ms to 50 ms at intervals of 10 ms). A three-interval, two-alternative forced-choice paradigm is employed in this work. Results indicate that for most spatial directions the HRIR with a length of 64-point is perceptually adequate in early reflection simulation.
INTRODUCTION
Virtual auditory environment (VAE) recreates the spatial auditory sensation in reflective environments (such as rooms) by synthesizing and rendering binaural signals. The binaural signals can be directly synthesized by convoluting a mono stimulus with binaural room impulse responses (BRIRs). BRIRs are acoustic impulse responses from a sound source to two ears in reflective environments, including the contributions (temporal-spatial information) of direct sound, the early reflections, and the late reverberation. Due the actual length of BRIRs, however, the computational burden of convoluting with a pair of complete BRIRs is usually heavy. Compared with the late reverberation, the arrival time and direction of each early reflection is more perceptually significant. Accurate simulation of the early reflections is therefore needed for authentic reproduction of VAEs. In contrast, the late reflection in VAEs can be modeled by a diffuse reverberation. Such an implementation simplifies the binaural synthesis in VAEs while retaining reasonable perceived performance.
In practice, the image-source method has been widely used in the simulation of early reflections. In the method, each early reflection is equivalently modeled by a free-field image source, whose position is determined by the position of the real sound source relative to the reflective surfaces. Consequently, the binaural signals for each early reflection are synthesized by convoluting the input stimulus with a pair of head-related impulse responses (HRIRs) at the image source position incorporating an appropriate delay. In other words, the binaural signals for each early reflection are synthesized by HRIR-based convolution similar to that of free-field virtual source synthesis.
In an enclosed space, such as a room with multiple reflective surfaces, the multiple reflections from the surfaces can be modeled by a series of image sources with different orders. Two HRIR-based convolutions, or equivalently two HRTF-based filters (head-related transfer functions), are needed for synthesizing the binaural signals of each image source. The number of image sources, and thus the number convolution manipulation increases exponentially with increasing order of reflections, especially for a room with complex surface geometry. Therefore, the signal processing for binaural early reflections synthesis becomes considerably complicated as the order of early reflections increases. This problem is particularly concerned in a real-time VAE where reducing the computational complexity is vital. Fortunately, the hearing resolution of humans to the early reflections is limited and each early reflection may not form a separate auditory event, allowing for the physical simplification of the binaural synthesis of the early reflections.
The simplification of the binaural synthesis of early reflections in VAEs can be accomplished by various ways, such as limiting the simulated order of early reflections [1] , limitation by considering the level difference compared to the direct sound [2] , and selection of the number of processed early reflections based on perceptual-relevant binaural models [3] . Another common method is shortening the length of HRIRs or HRTF filters used in binaurally the simulation of early reflections [4] . Silzle investigated the minimal length of HRIRs needed in binaural synthesis of early reflections of two virtual rectangular rooms in the presence of a late reverberation, and found that the minimal length of HRIRs varied with reflection order and signal type [4] . To find more general conclusions, the present study explores the minimal length of HRIRs needed in early reflection simulation using a single-direct-andsingle-reflection simplified physical model with less consideration of room conditions.
PSYCHOACOUSTIC EXPERIMENT
The head center is chosen as the origin of coordinates. The distance from a sound source to the origin is denoted by r. The sound source direction is specified by the azimuth θ from 0º to 360º and the elevation φ from -90º to 90º, where φ = 0º, 90º respectively correspond to the horizontal plane and top. In the horizontal plane, θ = 0º is the front and θ = 90° is the right.
The far-field HRTF database for KEMAR (with small pinna DB-061) from the MIT media Lab was used [5] . In this database, HRTFs were measured at azimuthal intervals of 5º in the horizontal plane and at elevation intervals of 10º from φ = -40º to 90º. For each measured direction, the database contains a 512-point HRIR with a sampling frequency of 44.1 kHz, from which a 512-point HRTF can be obtained by the discrete-time Fourier transform.
The input stimulus was a 2s white noise with 0.5s fading in at the beginning and 0.5s fading out at the end. The binaural signals in the case of a single-direct-and-single-reflection sound were synthesized in the following ways, (1) Convolute the stimulus with a pair of HRIRs related to the direction of the direct sound, yielding the binaural signals for the direct sound. The simulated direct sound was always positioned in front of the subject (θ = 0º, φ = 0º). The single reflection from 17 different spatial directions (Fig.1) and with different delays from 10ms to 50ms at intervals of 10ms, were respectively studied. The direct sound was binaurally synthesized with HRIRs of fixed length of 512 points. To determine the minimal HRIR length needed in reflection synthesis, shortened HRIRs with three different lengths (i.e., 256-, 128-, and 64-point, other than the original 512-point), were used in binaural reflection synthesis. These shortenings were obtained by truncating the original 512-point HRIRs with a rectangular window. Finally, the resulting binaural signals were reproduced through a pair of headphones (Sennheiser HD 250 II). Headphone equalization was also performed before rendering the binaural signals.
A 3I-2AFC (three-interval, two-alternative forced-choice) paradigm was used in the experiment. In each condition (including the spatial direction and delay of reflection, as well as length of HRIRs for the binaural reflection synthesis), there was a stimulus presentation consisting of three segments. The length of each segment was 2s, with a 0.5s interval between neighboring segments. The first segment was the reference signal "A" for which the reflection was binaurally synthesized using the original 512-point HRIRs. The second and third segment was either reference signal "A" or object signal "B" for which the reflection was binaurally synthesized using the shortened HRIRs. There were therefore two kinds of stimulus presentations, AAB and ABA. The listeners were asked to judge whether the second or the third segment was different from the first segment. Six listeners with normal hearing participated in the experiment. Each listener heard 1530 stimulus presentations in total, that is, 17 directions of reflections × 3 kinds of HRIR lengths × 5 time delays intended positions × 6 repetitions. In a specific condition, there were 36 judgments, 6 listeners × 6 repetitions. FIGURE 1. Spatial directions of simulated early reflections. In the horizontal plane, No.1-7 refer to (θ, φ)= (0º, 0º), (30º, 0º), (60º, 0º), (90º, 0º), (120º, 0º), (150º, 0º), (180º, 0º), respectively; In the median plane, No. 8-12 refer to (θ, φ) = (0º, 30º), (0º, 60º), (0º, 90º), (180º, 60º), (180º, 30º), respectively; In the lateral plane, No. 13-17 refer to (θ, φ) = (90º, 30º), (90º, 60º), (270º, 60º), (270º, 30º), (270º, 0º) , respectively.
RESULTS
The proportions of correct judgments for four lengths of HRIRs used in binaural reflection synthesis are shown in Fig. 2 . The 95% confidence limits for chance performance that were calculated from a binomial distribution are plotted as the two horizontal lines in the figures. For a significance level 0.05, the region bounded by the two solid lines on the graphs corresponds to a chance performance. That is, if the proportion of correct judgments lies between 0.34 and 0.66, there is no audible difference between the original and shortened HRIRs used in binaural reflection synthesis. According to the figure, the HRIR length used in early reflection synthesis can be shortened from 512-point to 64-point without introducing audible difference. This is held for all spatial directions and reflection delays under test. 
CONCLUSIONS
The minimal length of HRIRs needed in the binaural synthesis of early reflections was investigated using a single-direct-and-single-reflection sound model. Synthesized reflections from 17 directions in the horizontal, median, and lateral planes respectively, with five different delays as well as four lengths of shortened HRIRs were tested. Discrimination experimental results indicate that 64-point HRIRs at a sampling frequency of 44.1 kHz are sufficient for binaurally synthesizing early reflections without introducing audible degradation.
